Introduction
The Earth's crust consists of about 0.1% manganese, and the majority of manganese in ground-and natural-waters is generally considered to be chemical erosion of the Earth's crust. 1 A trace amount of Mn(II) is necessary to plants and animals; however, many troubles would occur when the concentration of Mn(II) was beyond a certain limit. 2 So, the determination of manganese in public and industrial waters is important for the environment and for human health. For such measurements, many methods have been developed. 3 Among all of these, spectrophotometry 4, 5 and atomic absorption spectroscopy 6, 7 were the routine methods. These methods often suffer from a variety of disadvantages: they could be sophisticated or time-consuming, they could lack enough sensitivity, or they could require expensive instrument.
Flow injection chemiluminescence (CL) analysis with high sensitivity, rapidity, simplicity and feasibility has been applied to the determination of Mn(II). [8] [9] [10] These methods were based on the Mn(II)-catalysis effect on luminol-H2O2 CL system 8, 9 and luminol-IO4 -CL system. 10 Homogeneous reactions, used in most flow injection analysis (FIA) manifolds, 11 may have some disadvantages, particularly if the reagent is expensive, only slightly soluble or only available in the solid form. The use of solid-phase reactors incorporated into an FIA manifold may offer certain advantages over homogenous systems. Since reagent consumption is greatly decreased and the operation is very convenient, and the system is simplified, with few junctions for mixing of reagent, sample and carrier streams, [12] [13] [14] there are many FIA-CL works using solid-phase reactors, and most of the solid-phase reactors in CL analysis are almost enzyme reactors. [15] [16] [17] However, the solidphase reactors with oxidant, such as PbO2 and NaBiO3, which are mainly used in the spectrophotometrical analysis at present, 13, 14 are few in CL analyses. 18 In this paper, a sodium bismuthate reactor was used for online oxidation of Mn(II) at room temperature to produce MnO4 -, which could react immediately with luminol to generate CL signal. 19 Based on the phenomenon, a novel flow injection CL method for determination of Mn(II) is presented. To the best of our knowledge, this is the first report about the solid sodium bismuthate as oxidant in CL system. Compared with the reported CL system for Mn(II) with homogeneous reaction, [8] [9] [10] the present method has proved to be economical, simple, convenient, rapid and suitable for automatic continuous analysis. This method has been applied successfully to the determination of Mn(II) in water samples.
Experimental

Reagents
All the reagents used were of analytical grade, and the water used was deionized and doubly distilled. A stock standard Mn(II) solution (1 × 10 -3 g/ml) was prepared by dissolving 0.3073 g of MnSO4·H2O (Xi'an Reagents Plant, Xi'an, China) and diluting to 100 ml with water. Working solutions were prepared by the stepwise dilution of the stock solution with 0.125 mol/l H3PO4.
A 2.5 × 10 -2 mol/l luminol stock solution was prepared by dissolving 4.430 g of luminol in 1 l of 0.1 mol/l NaOH solution. It was stored for more than 1 week before use. Working solutions were prepared by appropriate dilution of the stock solution with water.
Apparatus
The flow injection CL system used in this work ( Fig. 1 ) consisted of two peristaltic pumps. One pump delivered luminol, NaOH and carrier stream (H3PO4) at a fixed flow rate (per tube 3.0 ml/min). The other pump was used to deliver sample at a relatively low rate of 0.75 ml/min. PTFE tubing (0.8 mm i.d.) was used as connection material in the system. The flow cell was made by coiling 30 cm of colorless glass tube (i.d., 2 mm; o.d., 3.5 mm) into a spiral disk shape with a diameter of 2 cm and placed close to the CR-105 photomultiplier tube (PMT) (Hamamatsu, Japan). Sample solution (120 µl) was injected by a six-way injection valve into the carrier stream (H3PO4). The CL signal was detected with a PMT of the IFFL-D Chemluminescence Analyzer (Xi'an Ruike Electronic LTD, China). The signal was recorded using an IBM-compatible computer, equipped with a data acquisition interface. Data acquisition and treatment were IFFL-D software running under Windows 98.
Preparation of the solid-phase reactor
About 1.5 g quantitative filter paper was marinated in water and pounded to pulp; this then was stirred with about 1.5 g powder of NaBiO3 for 30 min. 15 The resulting paper pulp adsorbed NaBiO3 was packed into a glass column (75 × 6 mm i.d.), and glass wool was inserted at both ends to prevent loss of the pulp. Each packed reactor had to be conditioned for at least 30 min before use. Conditioning involved pumping water through the reactor for 15 min, followed by pumping the carrier (H3PO4) for another 15 min at 2 ml/min.
Procedures
Flow lines were inserted into sample, carrier (H3PO4), NaOH and luminol solution, respectively. The pumps were continued until a stable baseline was recorded. Then, a 120 µl volume of sample oxidized by solid NaBiO3 to form MnO4 -was injected into the carrier stream and mixed with NaOH stream, then just prior to reaching the spiral flow cell merged with luminol stream to produce a CL signal. The concentration of Mn(II) was quantified by the CL intensity.
Results and Discussion
Solid-phase reactor parameters
The preliminary experiments showed that a solid-phase PbO2 reactor and a solid-phase NaBiO3 reactor both can on-line oxidize Mn(II) to MnO4 -in the FIA system. The PbO2 reactor must be at above 60˚C, 13 and the NaBiO3 reactor can oxidize Mn(II) to MnO4 -at room temperature.
14 So, the solid-phase NaBiO3 reactor was used in this system.
The solid-phase reactor forms the heart of the manifold of the proposed system, and the performance of the flow injection system depends on the efficiency of the oxidation reaction at the interface between the solid and liquid phase of the reactor. In addition to the reactor packing, the reactor length and diameter also had major effects and had to be optimized. The reactor length was varied between 20 and 90 mm with the i.d. fixed at 6 mm, and the best result was obtained with a length of 75 mm. The response of the system was also studied by varying the reactor i.d. in the range of 3 -10 mm with the length fixed at 60 mm, and the best response was obtained at 6 mm.
The effect of the reactor temperature was evaluated. The response increased a little with increasing temperature, and the reproducibility at high temperature became unacceptable. So, room temperature was chosen as optimum.
The contact time between the sample zone containing Mn(II) and the reactor is very important for the reaction to proceed sufficiently. As this depends on the flow rate of the sample zone through the reactor, the effect of the sample flow rate in the range of 0.5 -3.0 ml/min on the CL intensity was investigated. The results (Fig. 2) showed a decrease in the CL intensity with an increase in flow rate of sample. The reason is that the contact decreases with increasing the flow rate of sample. Considered the sensitivity and analysis efficiency, 0.75 ml/min was selected as the sample flow rate.
Effect of H3PO4 concentration on the CL intensity
An acid medium is required for the oxidation of Mn(II) to MnO4 -in the solid-phase NaBiO3 reactor. The preliminary experiments showed that a greater life-time of the reactor was achieved in phosphoric acid than that in sulfuric acid, nitric acid or acetic acid. So phosphoric acid was chosen as the reaction medium. The effect of H3PO4 concentration in 0.02 -0.16 mol/l range was investigated. The result showed that the optimal H3PO4 concentration was 0.08 mol/l. In this system, in order to eliminate the influence of pH, the carrier stream is always the same as the sample medium, so 0.08 mol/l H3PO4 was also used as the carrier stream.
Effect of NaOH concentration on the CL intensity
Luminol-MnO4 -CL system must be in a basic medium. 19 NaOH was used to react with H3PO4 carrier on-line to produce basic medium. The effect of NaOH concentration was investigated in the range of 0.005 -1.0 mol/l. The optimal NaOH concentration is 0.25 mol/l. So, the pH in the CL reaction cell was 12.
Effect of luminol concentration on the CL intensity
As the luminescence reagent, luminol concentration affects the sensor response. The effect of luminol concentration was investigated. The result showed that the optimal concentration of luminol was 1 × 10 -3 mol/l.
The lifetime of the solid-phase reactor
The lifetime of each reactor was established by comparing the CL intensity for the same Mn(II) concentration in different times. When the CL intensity started to decrease systematically and significantly, the reactor had to be replaced. Another indication that the reactor was losing its oxidation capacity was the color of the packing itself. The color of the packing of a new reactor was yellow. After pumping several samples into the reactor, the color of the packing at the front end of the reactor started to become brown and then black, which meant that the sodium bismuthate is reduced and hydrolyzed to insoluble bismuthyl ions which precipitated on the surface of the filter paper. When the two-thirds of the reactor was black, it usually had to be replaced. The reactor could be reused about 400 times during a period of 50 h. Moreover, it is very easy to prepare and change the solid-phase reactor.
Performance of the system for Mn(II) measurements
Under the optimum conditions described, the calibration graph of emission intensity (I, mV) versus Mn(II) concentration was linear in the 4 × 10 -7 mol/l -2 × 10 -5 mol/l, and the detection limit was determined from three times the standard deviation of the blank signal (3σ) as 1.2 × 10 -7 mol/l. The regression equation was I = 58 + 31.4C (C being the Mn(II) concentration, µmol/l) with a correlation of 0.9985 (n = 7). A complete analysis, including sampling and washing, could be performed in 1 min with a relative standard deviation of less than 5% for 1 × 10 -6 mol/l Mn(II) (n = 11).
Interference studies
The interferences of common ions were investigated in the determination of 1 × 10 -6 mol/l Mn(II). The tolerable concentration ratios for interference at the 5% level were over 1000 for Na + , K + , Ca 2+ , Mg 2+ , HPO4 2-, SO4 2-, CO3 2-, and Ac -, NO3 -; 100 for Cu 2+ , Co 2+ , Fe 3+ , Fe 2+ , Al 3+ , and Zn 2+ ; 10 for SO3 2-, S 2- , Cl -and Br -, respectively. Equal amounts of I -interfered with the determination of 1 × 10 -6 mol/l Mn(II). For reducing organic compounds, the tolerable concentration ratios for interference at the 5% level were 50 for C2O2 2-, CH3CH2OH, urea, glucose and uric acid, 10 for ascorbic acid, pyrogallol and phenol.
Analytical application
Real samples from the different sites of Xi'an Circle-River were analyzed by the proposed CL flow system. The accuracy was evaluated by comparing the results obtained for real samples with those obtained for the samples by atomic absorption spectrometry (AAS).
The results compared favorably, as is seen from 
